Abstract Nanocrystalline electrocatalysts with chemical composition corresponding to Ir 1−x M x O 2 (M = Co, Ni, and Zn, 0.05 ≤ x ≤ 0.2) were prepared by the hydrolysis of H 2 IrCl 6 ·4H 2 O solutions combined with nitrates and acetates of Ni, Zn, and Co. X-ray diffraction (XRD) analysis indicates that the dopant Co, Ni, and Zn cations substitute the Ir atoms in the rutile lattice. The prepared materials contain small inclusions of iridium metal on the level comparable with the detection of the XRD technique. The local environment of Co and Zn in the doped IrO 2 materials conforms to a rutile model with a homogeneous distribution of the doping elements in the rutile lattice. The incorporated Ni is distributed in the rutile lattice non-homogeneously and tends to form clusters within rutile structure. The incorporation of Ni and Co enhances the activity of the prepared electrocatalysts in oxygen evolution. The modification of the IrO 2 via doping process alters also the material's selectivity in the parallel oxygen and chlorine evolution. Incorporation of Co and Zn cations shifts the selectivity of the catalysts toward oxygen evolution in chloridecontaining media; the Ni incorporation leads to an enhancement of the selectivity toward chlorine evolution. Chlorine evolution is apparently limited by the number of the active catalytic sites on the electrode surface.
Introduction
Understanding the behavior of nanoparticulate non-metal electrocatalysts represents one of the challenges of the material electrochemistry. The behavior of oxide-based systems is of particular interest in this respect due the practical importance of the electrocatalytic charge transfer processes confined to the oxide surface like, e.g., anodic gas evolution reactions. The gas evolution reactions are in this respect primarily represented by the oxygen evolution reaction (OER), which is exclusively confined to the oxide-based surface, or chlorine evolution reaction (CER), which proceed in the most feasible fashion on conductive transition metal oxides [1, 2] . Both these model anodic processes are of high technical and societal impact mainly in (photo)electrochemical water splitting (OER) and in chlor-alkali industry (CER), which justifies the need for fundamental molecular-level understanding of the activity and selectivity of the oxide electrocatalysts' used in these processes. Combining oxygen and chlorine evolution in testing of oxide catalysts appears to be particularly fitting given the similarity of the standard potentials for both reactions as well as the fact that both OER and CER processes are reported to compete for the same active sites at the catalyst surface [3, 4] . This competition for the active site seems to be also one of the impediments of the implementation of, for example, sea water electrolysis in the hydrogen economy [5] . Therefore, detailed understanding of the selectivity of the oxide electrodes in parallel oxygen and chlorine evolution is an important issue both from fundamental as well technological point of view.
The OER and the CER have similar standard potentials (1.23 and 1.36 V, respectively). Although the OER should be thermodynamically more facile, the chlorine evolution seems to be kinetically favored [3] . A systematic theoretical investigations of the limiting barriers for both oxygen and chlorine evolution based on thermodynamic analysis using the density functional theory (DFT) have been reported for various oxides including the ruthenium dioxide as the industrial benchmark material [3, 4, 6, 7] . The DFT analyses, which are based on an approach represented in heterogeneous catalysis by Brønsted-Evans-Polanyi relations, predict the OER to proceed through four consecutive one-electron transfer steps where the removal of either the second (formation of oxo-intermediate) or the third electron (formation of peroxo-intermediate) is the potentiallimiting steps [6] . The DFT analyses also confine the OER process on the extended surfaces to the coordination unsaturated sites (cus) while the bridge positions are mere spectators on most of the oxides. An alternative bi-nuclear reaction mechanism for oxygen evolution was theoretically conceived for low overpotentials [8] . The CER, on the other hand, may proceed on different surface sites depending both on the pH and on the electrode potential [3, 4] . Given the conditions at which the rutile type oxides show the most favorable behavior, one may anticipate the chlorine evolution to proceed on the cus-confined surface peroxo-groups, which then may act also as the active sites in oxygen evolution [7] .
The anodic activity and selectivity of the rutile-type oxide electrocatalysts have been linked with the local structure of the catalyst which can be altered by local change of the chemical composition during the catalyst preparation [9, 10] . The use of mixed oxides was reported to explore synergetic effects in improving of the electrocatalytic properties of the electrode [11] [12] [13] . A multiphase nature of the catalysts used in these studies, however, prevents generalization of the observed effects. The improvement of catalytic activity and tailoring of the selectivity by modification of the local structure of the catalysts by heterovalent cationic substitution has been addressed in previous works for the ruthenium dioxide-based materials doped with Ni, Co, and Zn atoms [14] [15] [16] [17] . The enhancement of the oxygen evolution activity as well as that of the selectivity observed on these materials was attributed either to a bi-functional behavior [7] or selective blockage of the kinetically most facile reaction pathway [5] . General applicability of the local-structure-related effects to steer the electrocatalytic behavior of the oxide surfaces has yet to be verified on other oxide systems. Iridium dioxide represents a convenient system for such verification. Its activity in oxygen and chlorine evolution processes is well established, and the IrO 2 is in fact used to improve the durability of the ruthenia-based catalysts at positive anodic potentials [18, 19] . This paper, therefore, extends the previous studies on the relationship between local structure of the rutile-type electrocatalysts and its activity and selectivity in parallel oxygen and chlorine evolution on example of Co-, Ni-, and Zn-doped iridium dioxide synthesized by hydrolysis method [20] .
Experimental
The Ir 1−x M x O 2 nanocrystalline materials (where M = Ni, Co, and Zn and 0.05≤x≤0.2) were synthesized by the hydrolysis method as described in Marshall et al. [21] . H 2 IrCl 6 ·4H 2 O (OMG AG & Co. KG, 99.2 %) and corresponding doping e l e m e n t s a l t s N i ( N O 3 ) 2 · 6 H 2 O (Merck, 99 %), Zn(NO 3 ) 2 ·4H 2 O (Merck, 98.5 %), and Co (C 2 H 3 O 2 )·4H 2 O (Alfa Aesar, 98 %) were used as precursors for the nanocrystalline iridium oxide-based materials. The required amount of the salts was dissolved in deionized water before addition of aqueous sodium hydroxide solution (0.2 M, J. T. Baker, Baker Analyzed). The resulting solution was stirred at 80°C for 1 h, before cooling and adjusting the pH to 8 with nitric acid (Merck, p.a.). After an additional 30 min of stirring and heating at 80°C, the precipitate was separated and washed by centrifuging at 5,000 rotations per minute, dried in a drying cabinet and then heat treated for 30 min in air at 550°C.
The thin-film coating technique, described in Schmidt et al. [22] was employed for the preparation of the electrodes for the electrochemical experiments. The nanocrystalline materials with a concentration of 2 mg mL −1 were dispersed in water in an ultrasound bath. Twenty microliters of the dispersion was pippeted onto a glassy carbon disc electrode with a diameter of 5 mm and dried under nitrogen stream. Preparation of the IrO 2 -based electrodes for the differential electrochemical mass spectroscopy (DEMS) experiments followed the sedimentation procedure of powder from a water-based suspension on titanium mesh (open area 20 %, Goodfellow), as described in Macounova et al. [14] . The titanium mesh was cut into circles with a diameter of approximately 1.2 cm which were then washed several times in the ultrasonic bath with acetone. The powder-water suspension, containing approximately 5 g L −1 of the IrO 2 -based materials in Milli-Q deionized water, was prepared in an ultrasonic bath and then deposited on the titanium mesh to obtain surface coverage of the catalytic material of about 1.5-4 mg cm
. The projected area of the supported material was about 0.785 cm 2 , which was smaller than titanium mesh in order to provide good electrical contacts. The deposited layers were later mechanically stabilized by annealing the electrodes at 400°C in air for 30 min.
The phase composition of the samples was determined by Rigaku MiniFlex Benchtop X-ray diffraction instrument with Cu Kα radiation. The X-ray diffraction (XRD) data were collected in the 2θ angle range from 20°to 90°w ith step of 0.02°. Analysis of the XRD data, including the Rietveld analysis, was performed using the Topas 4-2 program. The particle size distribution and chemical composition of the synthesized materials were determined using scanning electron microscope Hitachi S4800 equipped with a nanotrace energy-dispersive X-ray (EDX) detector (Thermo Electron).
Information about the local structure of the materials was obtained by the X-ray absorption spectroscopy (XAS) technique. Extended X-ray absorption fine structure (EXAFS) data were collected on pellets containing approximately 30 mg of Ir 1−x M x O 2 materials (M = Ni, Co, Zn) in 200 mg boron nitrate (Aldrich, ACS grade), as it was previously described in Petrykin et al. [15] . The EXAFS spectra were measured at the X19A beam line (Si (111) monochromator) of the National Synchrotron Light Source (Brookhaven National Laboratory, USA). The Ir L 3 (11,215 eV) absorption spectra were measured in a transmission mode; the Co K edge (7,709 eV), Ni K edge (8,333 eV), and Zn K edge (9,659 eV) spectra were acquired in a fluorescence mode using 13-channel Ge detector. Regardless of the detection mode, each spectrum was recorded at three different scanning step sizes: the pre-edge region from 200 to 30 eV was scanned in 5-eV step to enable background subtraction, in the 30 eV pre-edge to 30 eV post-edge range with a step size of 0.5 eV to acquire X-ray absorption near edge spectra, whereas the EXAFS data extending up to 14 Å −1 in the k-space were collected with the variable step size corresponding to 0.05 Å −1
. The IFEFFIT software package [23] was used for all the preliminary data handling such as normalization, smoothing and background subtraction, and extraction of the EXAFS functions. The photoelectron wave vector k for the Fourier transformed spectra was kept within the range of k=1-12 Å for Ir EXAFS functions and in the range k=1-9 Å −1 for Co, Ni, and Zn EXAFS functions. The k-weighting factor of 2 was applied. The EXAFS functions are presented in the R-space in the range of 1-6 Å. The full-profile refinement of the EXAFS spectra by non-linear least square (NLLS) minimization in the R-space with k-weighting factor of 2 was carried out using the Artemis NLLS module of the IFEFFIT package. The theoretical models were generated using the FEFF6.2 library with structural parameters of an ideal IrO 2 rutile crystal [23] . The refinement procedure was analogous to the one employed in Petrykin et al. [16, 17] . The Co, Ni, and Zn EXAFS spectra were refined by employing rutile structural model, applying constraints to the Ir-doping element distances and refining independently Debye-Waller factors, amplitude, and phase-shift correction parameters. The isotopic expansion/contraction was kept for the first metal-oxygen coordination shell and for the other metal-oxygen distances, while the distances from the core metal to other cation were allowed to change independently. Along with these constraints, it was assumed that the differences in the EXAFS functions of these materials are mostly due to the different doping element occupancies in the metal sites around the core metal. Metal site occupancies in the two nearest coordination shells were evaluated by introducing an additional parameter, providing link between the amplitude and the degeneracy of each metal site.
The electrochemical characterization of the synthesized materials was performed in the standard three-electrode electrochemical cell controlled by GAMRY reference 600 potentiostat. Reversible hydrogen electrode (RHE) and platinum foil with a surface area of approximately 1 cm 2 were used as reference and auxiliary electrodes, respectively.
The electrochemical behavior and selectivity in parallel oxygen and chlorine evolution for iridium oxide-based materials were studied by potentiostatic and potentiodynamic techniques combined with differential electrochemical mass spectroscopy (DEMS). The experiments were performed in a homemade Kel-F single-compartment cell in a three-electrode arrangement using a PAR 263A potentiostat. Platinum wire and Ag/AgCl were used as an auxiliary and a reference electrode, respectively. The potentials are quoted with respect to the RHE scale for the sake of clear comparison. The activity of the prepared materials in both OER and CER was studied in 0.1 M HClO 4 (Aldrich, p.a.) and solutions containing 0.01, 0.05, 0.1, and 0.3 M NaCl (Aldrich, ACS grade). The DEMS apparatus consisted of Prisma QMS200 quadrupole mass spectrometer (Balzers) connected to a TSU071E turbomolecular drag pumping station (Balzers). The data reflecting the concentration dependence of the selectivity were obtained using the same electrode for all concentrations. The DEMS setup was always calibrated by oxygen evolution in chloride-free media prior to actual selectivity study.
Results and Discussion

XRD, SEM, and EDX Characterization
The hydrolysis of the iridium tretrachloric acid leads initially to the formation of amorphous precursor, which needs to be annealed at moderate temperatures in order to obtain nanocrystalline iridium oxide-based materials. XRD patterns of the prepared iridium oxide-based materials are shown in Fig. 1 . The diffraction patterns shown in Fig. 1 , as a rule, conform to a tetragonal iridium dioxide, although weak reflections corresponding to residual metal iridium can be tracked in some materials. The amount of the detected iridium is comparable with resolution of the diffraction technique. The Rietveld analysis-based phase composition of the prepared electrocatalysts along with the unit cell parameter analysis of the IrO 2 phases is summarized in Table 1 . Apparently, singlephase nature of the prepared IrO 2 samples indicates incorporation of Co, Ni, and Zn atoms in the IrO 2 framework.
All hydrolytically synthesized iridium oxides show significantly smaller unit cell volume compared with a databaselisted standard IrO 2 [23] . The effect of the nature of the doping cation on the unit cell parameters of the catalysts prepared using the same hydrolytic approach is less pronounced. The comparison of individual lattice parameters assigns the smaller unit cell volume to the decrease of the unit cell parameter c which reflects the re-arrangements connected with the incorporation of the lower-valent cation. The unit volume of the Ni-and Co-doped materials contracts with increase in the doping extent in almost linear fashion (see Table 1 ). In the case of the Zn-doped materials, the unit cell volume dependence on the material composition remains unclear. The average coherent domain size of the synthesized materials is within the 5-18-nm range. There is, however, no clear connection between the coherent domain size and chemical composition.
SEM micrographs of the synthesized IrO 2 materials are shown in Fig. 2 . The average chemical composition-based and EDX spectra and particle size distribution based on the analysis of SEM micrographs are summarized in Table 2 . The prepared materials feature distinct nanoparticles without significant agglomeration and with average particle size ranging from 5 to 20 nm, which is in a good agreement with the coherent domain size values based on the XRD data analysis (see Table 2 ). The average chemical composition of the doped iridium oxide-based materials differs from the composition projected in the synthesis. The dopant content is roughly one half of the projected one regardless of the nature of the doping cation. The discrepancy between the nominal and actual average chemical composition increases with the actual content of the doping cations. This behavior was observed before, e.g., for Ni-ruthenium oxides [15] , and reflects the thermodynamics of the precipitation process. The difficulty of controlling the precipitation process can be also linked to the presence of the metal iridium which most likely forms inclusions covered with an oxide surface layer during the annealing of the initial precursor. This explanation seems to be in agreement with the fact that the amount of the metal iridium detected in the XRD does not change during the electrochemical experiments. Since this iridium metal is not present in the surface, we * * Fig. 1 Powder X-ray diffraction patterns of the crystalline Ir 1−x M x O 2 (M = Zn, Ni, and Co) materials prepared by the hydrolysis method and annealed at 550°C for 2 h. The asterisk marks metal Ir impurity diffraction consider its effect on the electrocatalytic properties of the oxide negligible. Despite the pronounced difference between projected and actual chemical composition, the projected compositions are used for sample identification throughout the paper.
Local Structure Characterization
Local structure information relevant to electrocatalytic behavior was obtained from extended X-ray absorption fine structure (EXAFS) functions extracted from X-ray absorption spectra measured on Ir L 3 as well as on Ni, Co, and Zn K edges. The Ir EXAFS functions show little dependence on the actual composition of the prepared catalyst (see Fig. 3 ) and can be successfully refined using a rutile structural model derived from the standard IrO 2 . The refined structural parameters (coordination numbers, bond lengths, etc.) show only minor deviation from those predicted using the crystallographic information. The observed behavior is qualitatively identical with that observed for the isostructural ruthenium dioxide-based materials [15] [16] [17] . The local structure information characterizing local environments around cobalt, nickel, and zinc atoms was obtained -normalized R space representation of an EXAFS function calculated from the Ir L 3 edge X-ray absorption spectra of IrO 2 (dotted line) and the best fit resulting from full profile refinement from the refinement of the corresponding EXAFS K edge functions. The results of the local structure refinement in the vicinity of the doping elements are summarized in Table 3 and Fig. 4 . Regardless of the type of the dopant Co, Ni, and Zn, EXAFS functions show pronounced deviation from that of the ideal rutile structure. The observed local structure changes are qualitatively different and reflect both the nature of the doping element and its content in the material. Refinement of the local structure in the doping element vicinity suggests confinement of the doping cations in the lattice cationic positions. The different electronic structure of the dopant results, however, in changes of bonding distances in order to accommodate the different size and charge of the doping element cations. The refined metal-oxygen distances reflect the electronic structure of the doping element. In the case of Co-doped catalysts, the refined Co-O distances were found to range between 1.92-1.93 and 1.96-1.97 Å for apical and equatorial oxygen atoms, respectively. These values agree well with those expected for a cation in the rutile structure; the observed bond lengths are also not dramatically departed from the bonding distances common in cobalt oxides featuring cobalt in oxidation states II or III (e.g., Co 3 O 4 , 1.9430 Å) [24] . The refined Co-O bonding distances seem to agree well with the position of the absorption edge of the Co-doped IrO 2 , which was observed at 7,719 eVand which shows a negligible dependence on the actual Co content.
In the case of Ni-doped IrO 2 materials, the refined Ni-O distances ranged between 1.95-1.98 and 1.99-2.02 Å for apical and equatorial oxygen atoms, respectively. The observed bond lengths are significantly shorter than those typical for stable Ni oxides (NiO, 2.0886 Å) [25] . This coincides with the observed position of the Ni absorption edge at 8,340 eV indicating a presence of Ni in the oxidation state higher than II. Similar absorption edge position was also reported for the Ni-doped ruthenia [14] . The refined Zn-O bonding distances in Zn-doped materials equaled to 1.98 and 2.02 Å. While the latter Zn-O bonding distance agrees well with that observed in hexagonal ZnO conforming to anticipated oxidation state of Zn, the absence of Zn-O bonding distance typical for in-plane coordination of ZnO (1.7964 Å) indicates that the local environment of Zn in prepared materials is rather strained [26] . The absorption edge position of Zn in the Zn-doped IrO 2 appears at 9,666 eV and conforms well to the anticipated oxidation state of Zn of II.
While the metal oxygen arrangements seem little dependent on the actual dopant content, the metal-metal arrangements are, in general, more affected by both the dopant nature and content. In the case of the Co-doped materials, one does not observe any pronounced clustering of the dopant in the structure. The Co EXAFS functions reflect signals of two metal-metal scattering events corresponding to the stacking of the cations along the c axis ([001] direction, scattering with approximate bond length of 3.1 Å) and cation stacking along the [111] direction, characterized by the bond lengths on approximately 3.5 Å. The stacking along the c axis of the rutile structure has been related to the catalytic activity and is, therefore, of great importance in control of electrocatalytic behavior. Given the apparent absence of clustering in the Co-doped materials, one has to assume that the probability of the presence of two Co ions as the immediate cationic neighbors is proportional to position degeneracy and average chemical composition. Table 3a ). The bond distances of the cations along the [111] direction show no dependence on the actual Co content. The local structure characterization of the Co-doped IrO 2 essentially conforms to the behavior observed previously on RuO 2 -based analogues [17] .
Similar analysis of the Ni-doped materials reveals pronounced tendency of Ni to form Ni-rich clusters in the rutile structure. The characteristic Ni-O bond lengths essentially decrease with increasing Ni content; the decrease of the Ni-O bond length is not, however, very pronounced. The metalmetal interactions depicted in scattering events with bonding distances of 3.1 and 3.5 Å clearly outline that the Ni in the structure shows pronounced tendency to cluster along the body diagonal (111) direction which increases with overall Ni content (see Table 3 ). The EXAFS data do not indicate any clustering along the [001] direction. The lack of Ni clustering along the c axis is the major difference that the Ni-doped IrO 2 shows with respect to ruthenia-based analogues [15] . Relatively weak tendency to form Zn-rich clusters is seen also for Zn-doped materials.
Oxygen Evolution Activity
The typical voltammetric behavior of the iridium oxide-based materials in the double-layer region at a potential sweep rate of 100 mV s −1 is summarized in Fig. 5 . The voltammetric behavior of the IrO 2 -based catalysts is dominated by pseudocapacitive behavior characterized by the oxidation processes -normalized Co, Ni, and Zn EXAFS functions for doped iridium oxide-based catalysts (dotted line) and result of fitting using IrO 2 structure as a model. Solid lines mark the NLLS best fits using the IrO 2 structure as a model. The sample assignment is given in the figure legend appearing at ca. 0.8 and 1.0 V vs RHE (with cathodic counterparts at 0.7 and 0.9 V, respectively). An outer voltammetric charge of the iridium dioxide-based electrocatalysts gathered by the procedure described in Ardizzone et al. [27] was used to normalize observed currents for the different materials. The obtained outer voltammetric charges were comparable for all materials; therefore, the normalization procedures were simplified by using the projected electrode areas. The major difference in voltammetric behavior of different IrO 2 catalysts shows in the interval 0-0.2 V vs RHE. The voltammograms of the doped materials show relative enhancement of the (pseudo)capacitive behavior compared to the non-doped IrO 2 . The observed trend may be interpreted in terms of hydrogen adsorption promotion which, in the case of nondoped materials, needs to be activated either by repetitive cycling in the double-layer region or by annealing the IrO 2 above 400°C [28] . Introduction of the doping cation into rutile framework of the iridium dioxide generally improves the oxygen evolution activity of the catalysts (see Fig. 6 ). The observed improvement of the oxygen evolution activity is most notable for the lowest concentrations of the doping element. Aside of the slight change of the oxygen evolution onset, the steady-state oxygen evolution current recorded at 1.64 V (RHE) clearly outlines dopant concentration dependence of the oxygen evolution activity. In the case of Ni and Co doping, the presence of the transition metal immediately improves the oxygen evolution activity; further increase of the dopant content, however, leads to a gradual decrease of the oxygen evolution activity. This trend is not matched for Zndoped catalysts which improve the OER activity within the whole studied composition range. A similar improvement of the oxygen evolution activity has been reported for isostructural ruthenium dioxide-based catalysts [7] . This effect was ascribed to an activation of the bridge sites occupied by the dopant. This effect should be, therefore, proportional to the probability of the doping cation residing in the surface. The observed decrease of the site-normalized oxygen evolution activity reflects increased tendency of the dopants to cluster, namely, along the [111] direction (see Table 3 ) which, in fact, decreases the probability of the dopant presence at the surface below that corresponding to the average chemical composition [7] .
Parallel Oxygen and Chlorine Evolution
The presence of chlorides has a pronounced effect on the electrochemical behavior of the prepared materials affecting the current density that one observes at anodic potentials (see Fig. 7 ). Regardless of the actual chemical composition, the presence of Cl − initially decreases the overall anodic activity;
further increase of the chloride concentration leads to an increase of the anodic current. This experimental trend may be attributed to a competition of oxygen and chlorine evolution processes for the same active sites on the rutile surface. A conclusive analysis is not, however, possible without detailed understanding of the actual selectivity of the surface and its potential, concentration, and time dependence. The competitive character of the OER and CER is highlighted in Fig. 8 when the DEMS has been used to monitor the course of the chlorine and oxygen evolution during cyclic polarization of the IrO 2 electrode. The data summarized in Fig. 8 reflect the development of the oxygen and chlorine signals observed on a nano-crystalline iridium dioxide in 0.1 M HClO 4 /10 mM NaCl solution following after the oxygen evolution on the same electrode in chloride-free solution. The Fig. 8 clearly reflects gradual change of the oxygen evolution extent during the first three cycles. The oxygen evolution signal drops by 60 % between the first and second cycle in the chloride-containing media; further decrease of ca. 20 % is observed also between the second and third cycle; i.e., the overall oxygen activity drop between the first and third cycle amounts to approximately 70 %. It needs to be noted that the chlorine evolution signal shows rather a minor increase during the initial three cycles (ca. 30 %). It may be expected that the oxygen evolution leaves the electrode surface covered with oxygen evolution intermediates which affect the selectivity in the first cycle of polarization in chlorine-containing media. Successful oxygen evolution strips the adsorbed species from the electrode surface, and the corresponding active sites are, in part, involved in the interaction with the chlorine species from the solution. The adsorbed chlorides then apparently block the surface for the oxygen evolution particularly at low potentials as the amount of oxygen leaving the electrode surface significantly decreases. In the third cycle, the DEMS signals of CER and OER become comparable and do not change with further cycling, which indicates that the system reached a steady state. The observed behavior indicates that both anodic gas evolution processes may proceed through multiple reaction mechanism including surface recombination. The surface recombination seems to play an important role, namely, in solutions of low overall chloride concentration. The blocking of the OER active sites affects also the observed decrease of the overall anodic current in 10-mmol/L NaCl solutions. The drop in the overall anodic activity can be compensated if the chloride concentration reaches the level of 100 mmol/L. Increased chloride concentration leads to an increase in surface coverage chlorine containing intermediates and, subsequently, to enhancement of the chlorine evolution. The dynamics of the anodic current increase seems to slow down at concentrations higher than 150 mmol/L. This suggests that further increase of the chloride concentration does not change significantly the surface coverage of chlorine-containing intermediates.
A more detailed insight into the nature of the oxide selectivity between the oxygen and chlorine evolution can be gained by following the time development of the oxygen and chlorine evolution at a constant potential when the individual oxygen and chlorine evolution rates depend only on the fluctuations in the chloride concentration and/or on the fluctuations in the number of the available active sites. A typical example of the oxygen and chlorine evolution signals during a potentiostatic experiment on an IrO 2 -based catalyst is shown in Fig. 9 . It is evident that the potential application results in immediate formation of chlorine. The chlorine-related signal attains a constant value shortly after applying of the potential regardless of the course of the oxygen evolution. In contrast to that, the evolved oxygen cannot be detected in the initial stages of the experiment. The evolved oxygen is delayed after chlorine evolution by up to ca. 60 s, and its delay decreases with increasing electrode potential. It needs to be noted that the onset of the oxygen evolution does not affect the course of the chlorine evolution. In contrast to the chlorine evolution, the oxygen evolution signal fails to reach a steady state within the duration of the experiment. Both oxygen and chlorine evolution signals decay after removing the potential perturbation, which indicates that these reactions are controlled by the charge transfer reaction (in contrast to RuO 2 [17] ). These observed preference of chlorine evolution is in an agreement with theoretical DFT calculations for the parallel oxygen and chlorine evolution [3, 4] , which predict the CER to be kinetically more favored than the OER. The presence of a delay in oxygen evolution signal suggests that oxygen is not evolved in an Elye-Rideal-like mechanism suggested in theoretical studies. The apparent electrochemical control of the oxygen evolution can be attributed to a relatively low surface coverage of the OER intermediates.
The dependence of the catalyst selectivity toward CER on the applied potentials obtained from the potential step data is summarized in Fig. 10a-c . A non-doped iridium oxide shows rather high selectivity toward CER at low potentials in solutions with low chloride concentration (10 mmol/L). The selectivity of the IrO 2 shifts toward oxygen evolution with increasing electrode potential. The same potential trend is evident also in the case of the doped iridium oxide-based catalysts; the initial selectivity toward chlorine evolution is, however, lower than in the case of the non-doped oxide. The selectivity of all studied materials shifts toward chlorine evolution with increasing chloride concentration, and no oxygen can be detected at chloride concentrations higher than 0.05 M. Despite the overall trends, the doped IrO 2 catalysts show greater preference for oxygen evolution compared with the conventional IrO 2 . The nature of the doping cation seems to affect the selectivity toward oxygen evolution in the order Co < Ni < Zn (see Fig. 10a-c) .
The nature of the observed selectivity effects cannot be easily generalized. While in the case of Co-and Ni-doped materials one may tentatively attribute the observed behavior to an enhanced activity of the catalysts toward oxygen evolution via bridge site activation [7] , the Zndoped materials are more likely to follow the mechanism suggested for Zn-doped RuO 2 [5, 16] . It needs to be noted that despite the enhanced oxygen evolution selectivity of the Zn-doped iridium oxides, the final material's selectivity still lags behind that of the ruthenium-based analogues [5] .
The chlorine evolution current density of the iridium oxidebased catalysts as a function of the chloride concentration in the solution is shown in Fig. 11 . Measured currents from the chlorine evolution increase only at relatively low chloride concentrations (c < 0.15 M). Any further increase in chloride concentration leads to the saturation of the chlorine evolution current. This behavior can be explained by the limited amount of the active sites for chlorine evolution on the catalysts' surface. 
Conclusions
Nanocrystalline Co-, Ni-, and Zn-doped iridium dioxide electrocatalysts with general composition of Ir 1 − x M x O 2 with x ranging from 0 to 0.2 were prepared by the hydrolysis method. Structural analysis of these materials shows that the doping elements enter the lattice positions in rutile structure of iridium dioxide. Small amount of the iridium metal most likely oxide encapsulated is formed along the process. Analysis of the local structure of the catalysts based on EXAFS shows that the dopant's cations are not homogeneously distributed but show a tendency to form clusters. This tendency is the strongest for the Ni-doped materials. The doping procedure improves the electrocatalytic activity in oxygen evolution process of iridium dioxide-based catalysts. The positive effect of the doping on the OER activity of the doped iridium dioxide-based catalysts decreases in the order Ni > Co > Zn and can be attributed most likely to the activation of the bridge sites for proton transfer facilitating the formation of the peroxointermediate of the oxygen evolution.
The iridium dioxide-based catalysts are active in both OER and CER evolution. The potential step data clearly show that the adsorption of the chloride at the surface is a process controlling the oxygen evolution in presence of chlorides. The oxygen evolution process most likely involves recombination of the surface-bound intermediates; the recombination is not, however, a rate-limiting process. The selectivity of the IrO 2 -based catalysts shifts toward chlorine evolution with increasing chloride concentration. The oxygen evolution can be promoted by increasing the electrode potential. The electrode potential increase facilitates the oxygen evolution process by favoring the formation of the oxygen evolution intermediates. The selectivity of the iridium dioxide-based catalysts toward oxygen evolution can be also enhanced by doping. The enhanced oxygen evolution selectivity can be attributed to alteration of the oxygen evolution mechanism via bridge site activation. Despite of the positive effects of the doping on the selectivity toward oxygen, the performance of the IrO 2 catalysts in this respect lags significantly behind that reported or the corresponding ruthenium-based analogues. 
